OBJECTIVE: Whereas few adenomas become cancer, most colorectal cancers arise from adenomas. Telomere length is a recognized biomarker in multiple cancers, and telomere maintenance mechanisms (TMM) are exploited by malignant cells. We sought to determine whether telomere length and TMM distinguish cancer-associated adenomas from those that are cancer-free. METHODS: Tissues were identified as cancer-adjacent polyp (CAP)-residual adenoma contiguous with cancer-and cancer-free polyp (CFP)-adenomas without malignancy. Telomere length, TMM, and expression were measured in 102 tissues including peripheral blood leukocytes (PBLs), normal colon epithelium, adenoma, and cancer (in CAP cases) from 31 patients. Telomere length was measured in a separate cohort of 342 PBL from CAP and CFP patients. RESULTS: The mean differences in telomere length between normal and adenoma were greater in CAP than in CFP cases, P = 0.001; telomere length in PBL was 91.7 bp greater in CAP than in CFP, P = 0.007. Each 100 bp telomere increase was associated with a 1.14 (1.04-1.26) increased odds of being a CAP, P = 0.0063. The polyp tissue from CAP patients had shorter telomeres and higher Telomerase reverse transcriptase (hTERT) expression compared with polyps from CFP patients, P = 0.05. There was a greater degree of alternative lengthening of telomere (ALT) level difference in CFP polyps than in CAP polyps. The polyp telomere lengths of aggressive CAPs were significantly different from the polyps of non-aggressive CAPs, P = 0.01. CONCLUSIONS: Adenomas that progress to cancer exhibit distinct telomere length and TMM profiles. We report for the first time that PBL telomeres differ in patients with polyps that become malignant, and therefore may have clinical value in adenoma risk assessment and management.
INTRODUCTION
As the majority of colorectal cancers (CRCs) arise from adenomatous polyps but only a small fraction of adenomas become malignant, the clinical conundrum is to predict which adenomas will progress. One approach to this challenge has been to classify an adenoma as "advanced" if it has high-grade dysplasia, is larger than 1 cm, or has villous architecture. Among all individuals undergoing colonoscopy, 25-30% will have at least one polyp and 5% will have a lesion determined to be at increased risk for malignant transformation. [1] [2] [3] [4] Even so, adenomas matched by degree of dysplasia, size, and villous architecture have differing outcomes. 1 A recent editorial listing five big questions in CRC placed "what distinguishes malignant from benign polyps" at number two. 5 As only a small percentage of adenomatous polyps will develop into cancer, identification of molecular features that predict the malignant potential of the polyp is a major clinical step in individualizing polyp patient management. Expanded understanding of polyp biology and pathology stands to inform physicians and patients of optimal surveillance requirements.
Colonoscopy follow-up intervals for patients are currently determined based on a polyp's histology, size, quantity, and degree of dysplasia. Surveillance colonoscopies are prescribed in a range from every 2 to 3 months for patients with higher-risk polyps to annually, every 3 years, or as long as once in 5 years for patients with polyps deemed less risky for progression. Given the costs and potential morbidity associated with colonoscopy surveillance, patients stand to benefit when surveillance intervals are tailored based on defined molecular features of polyps and risk for malignancy.
CRC involves the transformation of normal colon tissue to precancerous polyps and then to a malignant neoplasm. Genetic instability either at the nucleotide or at the chromosomal level is implicated in CRC. 6 Chromosomal stability is maintained partly through telomeres, which are the caps of linear chromosomes. [7] [8] [9] [10] [11] [12] [13] Telomere length is a recognized biomarker in multiple cancers and is associated with patient survival. 7 For CRC, survival is adversely affected if the tumor telomere length is shorter than that of corresponding normal colon tissue. 13 In upto two-thirds of CRC cases, tumor telomere length has been reported to be 3-5 kb shorter than the telomeres of adjacent normal colon epithelium, which far exceeds the natural rate of telomere attrition expected in healthy tissues. 12, 14 In other studies, peripheral blood leukocytes (PBLs) and cancers have exhibited both long and short telomeres. 13, [15] [16] [17] [18] Cancers exploit two telomere maintenance mechanisms (TMM) to regulate telomere length in malignant cells: telomerase activation (TA) and alternative lengthening of telomeres (ALT). TA and ALT are mechanistically and clinically distinct 19 including adverse effects for CRC with TA 20 and chemoresistance in cancer cells exhibiting ALT. 21 ALT had not been identified as arising in CRC until our first report of this process. 9 Our finding that rectal cancers engage ALT, along with a report that rectal cancers without TA (but untested for ALT) 22 have a better prognosis than cancers with TA, invites further investigation to discern the role of TMM with differences in survival among CRC patients. In addition, there are reports that TA and ALT are not mutually exclusive in CRC. 9, 23 Currently, there is no consensus on the role of telomere length and TMM in neoplastic transformation of CRC (i.e., from normal to polyp to tumor, and in those polyps that do not become cancer).
A key gap in our current understanding of CRC includes determination of mechanistic features in the processes that lead to neoplastic transformation-normal colon to polyp to CRC. Our understanding of this process has been limited largely to the study of the association of risk for developing cancer in large population-based studies that follow the clinical behavior of cancer-free polyps (CFPs), without directly evaluating the molecular transformation of normal colon through polyp to cancer in the same person. In the current study, we measured telomere length and TMM in biospecimens from cancer-adjacent polyp (CAP) patients-those with residual adenomatous polyps contiguous with the primary cancer-and CFP patients-those with only polyp tissue without malignancy. For each group, assessments were made in PBL, normal colon, adenoma, and, when present, carcinoma.
METHODS
Sample characteristics and preparation. Through an IRBapproved Biobank for Gastrointestinal Health Research (BGHR; IRB 622-00, PI LA Boardman), polyps with adjacent normal and tumor specimens were harvested following surgical resection and snap-frozen in liquid nitrogen and maintained in a − 70 freezer. All polyps are villous subtypes with low-grade dysplasia. Upto three 1 cm 2 full-thickness specimens from the center of the cancer and upto three 1 cm 2 full-thickness specimens of the polyp were used via this mechanism. In addition to polyp and cancer tissues, three 1 cm 2 normal colonic epithelium full-thickness specimens at least 8 cm from the polyp/tumor margin were harvested. All tissues were macrodissected using a hematoxylin and eosin -stained tissue slide with areas of normal epithelium, polyp, or cancer reviewed and identified by a pathologist. CFPs and normal colonic epithelium at least 8 cm from the polyp were collected at the time of colonoscopic resection. Peripheral blood was obtained when possible, before removal of the CFP polyp or CAP polyp/cancer and neo-adjuvant treatment. The adenomatous polyps without cancer (CFPs) were matched to the CAP for the features of polyp size (categorical size: 1-2, 2-5, and 45 cm); histologic category (villous adenoma); and degree of dysplasia (low grade in these cases). More detailed information is included in the Supplementary Materials and Methods section.
Patient outcome. CFP cases were classified as aggressive if the polyp recurred on subsequent colonoscopic examination following a complete resection of the polyp. Surveillance colonoscopies were performed at 3-6 month intervals for 1 year and every 3-5 years thereafter. CAP patients were classified as aggressive if CRC recurred or if a Stage IV patient was never cancer-free. More detailed information as well as clinical and epidemiological annotations are included in the Supplementary Materials and Methods section.
DNA and RNA extraction. DNA was extracted with the PureGene method based on our previous report that the DNA extraction method has an impact on accurate measurements of telomere length. 24, 25 RNA was extracted using the MiRNeasy mini kit (Qiagen, Hilden, Germany).
Telomere length assessment. Telomere length was measured using a modified monochrome quantitative PCR (MMQPCR) method as previously described, with no deviation in preparation of mastermix, use of primers, etc. from Rode et al. 16, [26] [27] [28] Real-time measurements were carried out on the ABI Viia-7 machine and all base pair calculations were made based on K562 cell DNA as a calibrator, using the ΔΔCT method as previously described. 28 Telomere length using Universal STELA. Universal STELA was performed using the protocol and oligonucleotides as described previously. 29, 30 In brief, Universal STELA was performed as described in Bendix et al., with the exception that double-stranded panhandle DNA with 5′ TA overhang at one end was used for ligation at chromosome and subtelomeric regions to avoid the fill-in step before PCR reactions.
ALT assessment. Telomeric C-Circle DNA is partially singlestranded telomere DNA circles specific to cells exhibiting ALT, and was assayed at Capital Biosciences (Gaithersburg, MD), using a modified C-circle-qPCR protocol. 9, 31 ALT values greater than 1 are standardly used as ALT+; however, for our analyses we used all values and reported them as differences between tissues-not based on a binary ALT+ or ALT − .
RNA sequencing (stranded). Total RNA was transferred into library preparation, which was an automated variant of the TruSeq Stranded mRNA Sample Preparation Kit (Illumina, San Diego, CA). Oligo dT beads were used to select mRNA from the total RNA sample. Resultant cDNA went through library preparation using broad designed indexed adapters substituted in for multiplexing. Flowcell cluster amplification and sequencing were performed according to the manufacturer's protocols using either the HiSeq 2000 or HiSeq 2500. Each run was a 101 bp paired-end with barcoding. Data were analyzed using the Broad Picard Pipeline, which includes de-multiplexing and data aggregation. More detailed information as well as processing of RNA sequencing (RNA-seq) data are included in the Supplementary Materials and Methods section.
Assessment of telomerase by hTERT expression. hTERT expression was used as a surrogate for telomerase activity 32 and was determined using RNA-seq. Normalized expression values as described above for hTERT were used in all subsequent analyses (genes and values in Supplementary Table 2 ).
Statistical Analysis. Tests of significance on telomere length and TMM data (hTERT expression and ALT values) were performed using appropriate statistical methods. Statistical significance was determined between matched tissues using the Wilcoxon signed-rank test. Wilcoxon ranksum test was used to test for differences between CAP and CFP cases. A difference was considered significant if the P value was o0.05. Boxplots, histograms, and density plots were processed in R 2.15.1. 33 Correlations were performed using the cor function in R, using default parameters and using Pearson method. Normalized values as described above from our RNA-seq data for the 183 genes reported in Lafferty-Whyte were used to generate the heatmap in Figure 2 (genes and values in Supplementary Table 3 ). Heatmaps were generated using default parameters using the heatmap and hclust functions in R. Age-adjusted telomere length was calculated as base pair differences between the actual telomere length and predicted telomere length by age, using a general linear model.
RESULTS
Telomere length distinguishes patients with polyps adjacent to cancer from those with CFPs. In this study we utilize a human tissue model of neoplastic transformation that captures the transition from normal colon to premalignant polyp and, in some cases, the transformation to cancer. These cases of neoplastic transformation are classified as CAP and CFP patients, with both groups including PBLs and/ or normal colon epithelium as references ( Figure 1a ). It is important to note that CAP patient cases are different from other studies that compare polyps at different sites of the colon that are present when cancer is removed. CAP patient cases enable the unique opportunity to study the normal colon to polyp to cancer transition because the polyp tissue is the actual residual polyp of origin that is still in physical contact with the cancer (i.e., the polyp from which the cancer arose). In contrast, CFP patients were those who had a polyp removed and had no cancer present at the time of colonoscopy or after follow-up.
We measured telomere length in the PBL, normal colon, villous polyp with low-grade dysplasia, and tumor tissue of 15 CAP patients and the PBL, normal colon, and villous polyp with low-grade dysplasia tissue of 16 CFP patients (Supplementary Table 1 , Supplementary Figure 1A and B). Distinct patterns of telomere length across tissue between the CAP and CFP tissues were evident. When the villous polyp tissues were compared directly with their matched normal colon tissue, the CAP cases showed a significantly greater degree of difference in telomere length than the CFP cases, P = 0.001 ( Figure 1b ).
We found a high, positive correlation (r = 0.64, P = 0.0007) between the average telomere length determined using the MMQPCR method and that determined using Universal STELA (USTELA), 29 which is a method for determining the presence of short telomeres on a chromosome-by-chromosome basis. (Figure 1d ). In addition, we were able to confirm that the polyps with average short telomeres using MMQPCR were also among the cases showing the shortest telomeres per chromosome using USTELA (Figure 1c ). The load of short telomeres in polyps in both CAP and CFP patients compared with the normal epithelium is recapitulated using USTELA, with the dramatic shortening visible by USTELA in the CAP polyps and cancer.
PBL telomeres are longer in CAP patients. The telomere lengths of the PBL and the normal colon epithelium in the CAP cases were significantly different, P = 0.0003 ( Figure 2a ). The normal colon epithelium had significantly longer telomeres than PBL in these CAP patients (Supplementary Figure 2A ). For CFP cases, the telomere length of PBL and normal colon epithelium was not significantly different.
PBL telomere length was measured in a total of 342 PBL cases (167 PBL from patients with CAPs and 175 PBL from CFP patients). In both groups, there was a significantly negative correlation between age and telomere length. Per unit increase in age is associated with a significant telomere length decrease in both CFP and CAP groups (Supplementary Figure 2B ). Interaction analysis suggested the association between age and telomere length is not conditioned on the CAP/CFP status (P = 0.77). After age adjustment, CAP patients have on average 91.7 bp longer PBL telomere length than CFP patients (P = 0.007; Figure 2b ).
We evaluated telomere length based on the clinical behavior of the CFP and CAP cases. CAP and CFP patients were categorized as non-aggressive if the polyp in the CFP cases or cancer in the CAP cases did not recur, and as aggressive if the polyp recurred in the CFP case or if the cancer recurred in a CAP patient. We found that the aggressive PBL CAP group had longer telomeres than the aggressive PBL CFP group, with marginal significance (P = 0.06; Supplementary Figure 2C ). The patient outcome analyses were carried out with 126 and 84 for CAP and CFP cases, in which follow-up was available, respectively.
To investigate the ability of PBL telomere length to predict whether a case is a CAP or a CFP, we performed a logistic regression analysis in the 334 total CAP and CFP cases, and found that a 100 bp telomere length increase is associated with a 1.14 (1.04-1.26) increased odds of being a CAP case (P = 0.0063), with a positive likelihood ratio of 1.33. We determined that with an increasing telomere length the positive predictive value increased for predicting the CAP status (Supplementary Figure 4A ). Within the CAP cases, there was an increasing positive predictive value for predicting aggressive status among the CAP cases with the shortest telomeres (Supplementary Figure 4B ). A similar trend was observed for predicting aggressive status based on telomere length within CFP cases (Supplementary Figure 4C ).
CAPs and CFPs exhibit distinct TMMs. The TMM that is engaged in tumors has been shown to correlate with a distinct pattern of telomere length differences in the three tissue compartments of the PBL, normal colon, and rectal cancer. 9 In the CAP and CFP patients whose telomere lengths were shown in Figure 1 , we assessed telomerase activity through hTERT expression and ALT by C-circles across all tissues. 22, 32, [34] [35] [36] [37] [38] The CAP polyps, which showed the most extreme short telomeres, had higher expression of hTERT when compared with the CFP polyps, P = 0.05. The degree of difference in hTERT expression between the polyps and their matched normal colon tissue was significant for the CAP cases (P = 0.02), but not for the CFP cases (P = 0.15; Figure 3a ). The hTERT differences in polyp tissue compared with their normal is not attributable to differences in the normal tissues, as the hTERT expression levels were not significantly different between CAP and CFP normal tissues (P = 0.18). In contrast, the CFP polyps showed an overall higher level of ALT than in the CAP polyps (Figure 3b ). In addition, there was a greater degree of observable ALT level difference in the CFP polyps to their normal when compared with CAP polyp cases.
It has been previously reported that telomerase-positive and ALT-positive tumor cell lines exhibit distinct gene expression signatures. 39 This gene expression signature was refined to a panel of 297 genes that have a significant association with TMM in liposarcoma tissues. From the CAP and CFP cases, we identified the 10 cases in which the polyp tissue had the highest TERT expression and the 10 cases with the highest ALT level in the polyp. We expected that the majority of cases with the highest TERTexpression would be CAPs and those with the highest ALT level would be CFPs, which was the case. We then performed hierarchical clustering on the genes reported in Lafferty-Whyte et al., and found that the cases clustered in two distinct groups with all CAPs except one clustering together and all CFPs grouped together in a second cluster (Figure 3c ). These results indicate that the CAP and CFP polyps exhibit distinct gene expression signatures based on their TMM status.
Figure 1
Telomere length distinguishes cancer-adjacent polyps (CAPs) from cancer-free polyps (CFPs). (a) Corresponding tissue of CAP and CFP models that are used in this study. CFP cases include matched, distant normal colon epithelium, and the villous adenoma (polyp). All polyp cases used in the study were matched by histology and degree of dysplasia-villous adenomas with low-grade dysplasia. CFP cases are those that have had polyps present and removed that have not gone on to cancer. CAP cases include matched, distant normal colon epithelium, the polyp (residual polyp of origin) and the corresponding cancer that arose from the polyp. The cancer specimens from CAP cases represent a range of all stages. (b) Boxplots showing the values for the difference in telomere length in the polyp from the matched normal colon epithelium, for both CAP and CFP polyp cases from left to right, respectively. First, the telomere length for each polyp was subtracted from its matched normal telomere length to obtain a difference in telomere length value. Positive difference values indicate that the telomere length in the polyp tissue was shorter than the matched normal, and the inverse for the negative difference values (positive values, shorter polyp telomeres than normal; negative values, longer polyp telomeres than normal). Red, dashed line is drawn at zero for ease in determining positive and negative differences. The telomere length difference between CAP and CFP polyps is significant, P = 0.001. (c) Scatterplot (far left) showing the correlation in telomere lengths in kilo base pairs (kbp) as determined from the modified monochrome quantitative PCR (MMQPCR) method and Universal STELA (USTELA) method, showing a strong, positive correlation. The other panels show results from USTELA from left to right, an exemplar CAP case and CFP case, showing normal, polyp, and cancer for the CAP and normal and polyp for the CFP. The horizontal red line indicates the threshold at which the load of short telomeres is determined (below 1.6 kb). In addition, the average telomere lengths in kilobases (kbs) and the percentage of telomeres below the 1.6 kb threshold (%) were both quantified and are included at the bottom of each electropherogram. There is an increasing amount of short telomeres from normal to polyp to cancer in the CAP case, with a slight telomere length increase in the cancer relative to the polyp (but still overall shorter compared with normal). Overall short telomeres occur to a lesser degree in the CFP polyp compared with normal as well as with the CAP tissues.
Telomere Dynamics Define Colorectal Cancer Progression
Druliner et al.
Telomere dynamics have an impact on patient outcome based on severity of the case. We characterized both CAP and CFP cases on their clinical behavior, and categorized them as aggressive or non-aggressive (as first shown in Figure 2 ). CAP cases were determined to be clinically aggressive if a Stage I-III cancer recurred or presented at Stage IV, whereas CFP cases were classified as aggressive if there was a recurrence of the polyp in the same anatomical location as identified by the previous polypectomy scar and/or submucosal tattoo marking. We found that aggressive polyps had shorter telomeres, regardless of their association with cancer ( Figure 4a ). The aggressive CAPs exhibited the shortest range of telomere lengths, with the polyp tissue exhibiting the shortest of telomere lengths. The aggressive CAP polyp telomere lengths were significantly different from the non-aggressive CAP polyp telomere lengths, P = 0.01. Aggressive CFP polyps had a larger range of telomere lengths, but also exhibited overall shorter telomeres compared with both non-aggressive CAP and CFP polyps. We observed overall higher TERT expression in both aggressive and non-aggressive CAP polyps, whereas in non-aggressive CAPs and CFP polyps there were lower levels of TERT relative to the matched normal epithelium (Figure 4b ). The aggressive CFP polyps showed higher levels of polyp TERT compared with the non-aggressive CFP polyps; however, overall both aggressive and non-aggressive CAPs show strikingly higher TERT levels. These results suggest that telomere length may be used to distinguish cases based on patient outcome, whereas TERT expression levels appear more linked to the malignant potential of the polyp rather than overall patient outcome.
Patterns of telomere length and TMM across malignant transformation. Relative to the normal epithelium, the polyp tissue of the CAP cases had shorter telomeres, P = 0.01 (Supplementary Figure 3A) . Similar to the polyp tissue, the telomere length of the cancer tissue is significantly shorter than that of the normal colon (P = 0.03). The trends observed in the CAP polyps for TMM (hTERT and ALT) were similarly observed in the cancer tissues, but to a lesser degree. hTERT expression was slightly lower in the cancer, and ALT levels were slightly higher in the cancer tissue as compared with the polyps (Supplementary Figure 3B) . Interestingly, there was a wide range of hTERT expression overall in the cancer tissue relative to the normal and polyp tissues.
There was a greater degree of telomere length difference between the polyp and cancer tissue in the aggressive cases, with the telomere lengthening being more dramatic in the aggressive CAP cases (Figure 4c ). The non-aggressive cases showed a similar trend for telomere length, but to a lesser degree than in the aggressive cases, especially for the polyps. Likewise, TMM showed distinct patterns between aggressive and non-aggressive cases. hTERT expression was highest in the polyp and increase in the cancer as compared with normal; when polyp and cancer are compared there are lower levels of TERT in the aggressive cancer cases (Figure 4d ).
DISCUSSION
This study presents a distinct profile of telomere dynamics that appear to be associated with adenoma risk of malignant progression. By identifying distinctions in the molecular features (in this case telomere dynamics) between cancertransformed and CFPs, these studies may also yield markers present in the peripheral blood that may allow non-invasive risk assessment. The development of CRC is generally considered a linearly progressive disease from normal to polyp to cancer, similar to a model of aging, and indeed telomeres and their maintenance mechanisms are highly associated with aging and cancer progression. However, the dynamic telomere landscape of adenomatous polyps and the transition point to cancer have not been evaluated systematically in a group of polyps and their adjacent cancer from a collective set of individual patients, nor have these pathways been studied across multiple telomere-related features in comparison with similar CFPs. Characterizing the molecular profiles of polyps undergoing the transition to cancer that differentiate CFPs is an important contribution in identifying opportunities to provide optimal treatment choices for patient with polyps that carry the risk of CRC.
In this report, we present telomere length, TMM, and expression results across a total of 102 tissues (PBL, normal, Figure 3 Cancer-adjacent polyps (CAPs) and cancer-free polyps (CFPs) exhibit distinct telomere maintenance mechanisms. (a) Boxplot of values for the difference in the normalized hTERT expression in the polyp from the matched normal colon epithelium. hTERT expression in the polyp was subtracted from that in the matched normal for each case to obtain a difference value. CAP and CFP case, left and right, respectively. Negative difference values indicate that the hTERT expression in the polyp tissue is higher than the matched normal, and the inverse for the negative difference values (negative values, higher TERTexpression in polyp compared with matched normal; positive values, lower TERT expression in polyp compared with matched normal values). Red, dashed line is drawn at zero for ease in determining positive and negative differences. There is a difference in TERTexpression between normal and polyp in the CAP cases (P = 0.02), and not for the CFP cases. In addition, the differences in TERTexpression between CAP and CFP polyp cases are different, P = 0.05. (b) Boxplot showing the values for the difference in the normalized alternative lengthening of telomere (ALT) levels in the polyp from the matched normal colon epithelium, left boxplot is the CAP cases and right boxplot is the CFP cases. These boxplots were generated by the same method as in part A, but for ALT levels. This plot is to show the ALT trend in differences, P40.05. (c) Heatmap generated for genes reported by Lafferty-Whyte as defining telomerase-positive and ALTpositive cell lines. Plotted in this heatmap are 183 genes from our RNA-seq data. Hierarchical clustering was performed for genes and polyp cases. The left axis is the clustering for the CAP and CFP polyp cases, and the top axis is the clustering for the genes. The top 10 cases for hTERTexpression and top 10 cases for ALTexpression are shown. Five of the cases overlapped between the groups as having both hTERT expression and ALT level. The red box shows the CAP group that clusters together on the basis of expression and the blue box represents the CFP case cluster. polyp, and cancer) representing 31 patient cases. We have also measured telomere length in an additional 342 patient PBL samples. Continuing to identify telomere phenotypes across patient samples will improve our understanding of the role of telomere dynamics in neoplastic transformation. We utilized only one histologic and dysplasia category of polyps in this study so as not to confound the results with any other molecular or pathological feature of the tissue. Examining other histological and clinical subtypes of polyps in future studies will be important in further dissecting transition points in neoplastic transformation. In addition, we ensured that all the polyps used in this study resected at colonoscopy were removed by similar techniques so as not to introduce any predisposition for recurrence based on inconsistent polypectomy techniques. We have designed this model of colorectal polyp with or without progression to cancer carefully so that the results included in this study and any further studies using these cases will be solely attributable to biological phenomena.
The finding that both telomere length and TMM are associated with the malignant potential of polyps is an important and novel finding. It suggests that patients with telomere shortening in the polyp and tumor relative to normal may have a poorer outcome based on the association of shortened telomere lengths in the polyps and tumors of patients with aggressive CRC. This study also identified differences in telomere length and TMM between polyps with and without adjacent cancer, and related those differences to patient outcomes.
Although tissues start off with equivalent telomeres, changes in telomere length occur in parallel but at different rates during the lifespan of each individual. 40, 41 In this study, we show that the telomere length in the normal colon epithelium is significantly longer than that in the PBL of CAP patients. This lengthening occurs more dramatically in the aggressive cases, suggesting that early transformation events may be occurring in the normal colon. Telomere dynamics in both the PBL and the normal tissue from which a cancer originates may inform the patient's prognosis. In this study we have found that a high normal colon epithelium to PBL telomere length ratio characterizes the cases associated with cancer.
As we observed an unexpected distinction between PBL and normal colon epithelium as well as differences in the PBL between CAP and CFP cases, it was necessary to clarify this finding in a larger set of patients. Following telomere length measurement in a set of over 300 patient PBL cases, we discovered that CAP cases exhibited longer telomeres than the CFP cases. Both long and short telomeres in the PBL are reported as being associated with a higher risk for developing many types of cancer, including CRC. 13, [15] [16] [17] [18] 27, 28, 42, 43 PBL telomere length can be sustained or lengthened, providing opportunities for intervention. [44] [45] [46] As no other study has examined the PBL telomere length between CAP and CFP cases (only cancer vs. non-cancer patients), it was previously not possible to know whether telomere length was associated with cancer or CFPs. This is a novel and important finding that PBL telomere length is longer in CAP patients and shows potential to be used as a marker to distinguish patients with polyps that have developed cancer from those that have remained cancer-free. In addition, longer telomeres in the blood of the CAP patients indicate that the blood could be used as a surrogate for the telomere length in the normal colon in CAP cases (which we showed were much longer than the telomere length of the normal colon of CFP cases).
Overall, these results suggest that differences in telomere length in the PBL of patients can distinguish cases that have polyps with malignant potential from those that remain cancer-free. The lengthened telomere phenotype has the potential to develop concomitant CRC in a polyp, even if they were only found to have adenomatous tissue in a biopsy. PBL telomere length could be used to establish tailored surveillance intervals once limitations of all current techniques to measure telomere length are addressed so that telomere length measurements can be accurately compared between studies. In addition, incorporation of the telomere length with other telomere-related markers could improve the positive predictive value of detecting a CAP vs. CFP case. In order to utilize telomere length and TMM profiling in the clinic setting, additional standardization and optimization for the assay is necessary. We acknowledge that, although we present a comprehensive integration of telomere length and TMM in multiple patient tissues, improved strategies for detecting telomere length and TMM will improve the precision of telomere profiling in the clinical setting.
Altogether, the results presented here clarify the role of telomere dynamics in malignant transformation. Shortened telomeres and telomere maintenance engagement occur early in adenomatous polyp development, and are most dramatic with an increasing malignant potential of the polyp (CAP cases). This study shows the highly dynamic nature of both telomeres and their maintenance mechanisms across tissues from a single individual. This work indicates that additional molecular events are likely taking place at the polyp level, early in neoplastic progression, and are dynamic across tissue compartments. A particularly striking result is the changes in telomere length observed in the normal colon epithelium, indicating a very early feature of carcinogenesis. Telomere dynamics appear to be associated with the clinical patient outcome, and could serve as an important point of determining risk for recurrence in both polyp and CRC patients. Our findings of telomere lengthening in the PBL of cases associated with cancer suggest that telomere dynamics have the potential to serve as a blood-based marker of CRC risk. Defining specific telomere length measurements in combination with the TMM in the blood and tissues of a larger patient group with and without cancer may lead us closer to a molecular, individualized approach to the management of colorectal polyps and cancer.
CONFLICT OF INTEREST
Guarantor of the article: Lisa A. Boardman, MD. Specific author contributions: Study concept and design: BRD and LAB; acquisition of data: BRD, RJ, TS, JS, and LAB; analysis and interpretation of data: BRD, XR, and LAB; drafting of the manuscript: BRD and LAB; critical revision of the manuscript for important intellectual content: all authors; statistical analysis: DG and AO; material and technical support: RJ, JA, and DD; study supervision: LAB. All authors have approved the final draft of this manuscript that was submitted. Financial support: This work was supported by the National Cancer Institute at the National Institutes of Health (Grant number R01 CA170357). In addition, funding was generously provided by a grant from Eugene and Eva Lane through the Mayo Foundation. Potential competing interests: None.
Study Highlights WHAT IS CURRENT KNOWLEDGE
• A majority of colorectal cancers derive from adenomatous polyps, but only a small percentage of polyps become malignant. • Telomere length is a recognized biomarker in multiple cancers, and telomeres have been shown to be shorter or longer in blood and tumor tissue. • Cancers exploit telomere maintenance mechanisms.
WHAT IS NEW HERE
• The identification of telomere signatures that distinguish malignant from benign polyps. • Telomere length distinguishes the blood of malignant from benign polyp patients. • Telomere length is associated with patient outcome.
TRANSLATIONAL IMPACT
• Identifying a telomere marker in the blood based on the association with cancer may allow non-invasive risk assessment and more tailored adenoma management.
Clinical and Translational
Gastroenterology is an openaccess journal published by Nature Publishing Group. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International License. The images or other third party material in this article are included in the article's Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, users will need to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit http:// creativecommons.org/licenses/by-nc-nd/4.0/ Supplementary Information accompanies this paper on the Clinical and Translational Gastroenterology website (http://www.nature.com/ctg)
